Abstract. Isoprene is usually the dominant natural volatile organic compound emission from forest ecosystems, especially those with a major broadleaf deciduous component. Here we report isoprene emission model performance versus leaf and canopy level isoprene emission measurements made at the Duke University Research Forest near Chapel Hill, North Carolina. Emission factors, light and temperature response, canopy environment models, foliar mass, leaf area, and canopy level isoprene emission were evaluated in the field and compared with model estimates. Model components performed reasonably well and generally yielded estimates within 20% of values measured at the site. However, measured emission factors were much higher in early summer following an unusually dry spring. These decreased later in the summer but remained higher than values currently used in emission models. There was also a pronounced decline in basal emission rates in lower portions of the canopy which could not be entirely explained by decreasing specific leaf weight. Foliar biomass estimates by genera using basal area ratios adjusted for crown form were in excellent agreement with values measured by litterfall. Overall, the stand level isoprene emissions determined by relaxed eddy accumulation techniques agreed reasonably well with those predicted by the model, although there is some evidence for underprediction at ambient temperatures approaching 30øC, and overprediction during October as the canopy foliage senesced. A "Big Leaf" model considers the canopy as a single multispecies layer and expresses isoprene emission as a function of leaf area rather than mass. This simple model performs nearly as well as the other biomass-based models. We speculate that seasonal water balance may impact isoprene emission. Possible improvements to the canopy environment model and other components are discussed.
Since winds during most of the growing season tend to be dominated by southwesterly flow, 15 m radius fixed plots were sampled at 30 m intervals on transects extending out to 150 m due south, southwest, and west from the instrumented tower.
To avoid plot overlap, only the southwest transect was sampled at 30 m from the tower. The genus, species, and diameter at breast height (DBH) (1.37 m) were recorded for all trees greater than 15 cm in diameter on each plot. Trees smaller than 15 cm were generally suppressed (received little direct light from above) and accounted for less than 2% of the basal area (total stem cross-sectional area at a height of 1.37 m) on each plot. These measurements were used to estimate foliar mass using the methods of Geron et al. [1994] .
To assess the accuracy of the species composition and foliar mass estimates from the above methods, litterfall was collected from twenty-six 45 cm diameter litter traps that were placed 7.5 m from each plot center normal to the transect azimuth. Leaf litter was collected approximately every 2 weeks, dried to a constant weight, separated by species, and weighed.
Isoprene Emission Measurements
Leaf level measurements. Leaf level isoprene emission and physiological measurements were made using a portable gas exchange system with a light and temperature controlled cuvette and portable gas chromatograph . Measurements were made on June 23-25, 1994, following an unusually warm and dry spring, and again on August 20-22, 1994, following a wet period. These latter measurements were taken while the relaxed eddy accumulation (REA) system was in operation. Measurements were made at three vertical levels on leaves of a white oak. Hickory, yellow poplar, and northern red oak leaf emissions were also measured from branches which were cut from the upper canopy. The branches were recovered after cutting and cut again while the branch end was submerged in water. Isoprene emission from foliage on the cut branch was then measured immediately to avoid physiological disturbance to the leaves. Leaf disks were removed from all foliage sampled to determine specific leaf weight and xanthophyll and chlorophyll content. Since leaf temperature is an important influence on isoprene emission, a handheld infrared thermometer (Everest Interscience, Inc., Justin, California) was also used to assess temperature variation of shaded and illuminated leaves vertically through the canopy. These readings were made at approximately the same time and canopy position as the leaf-level isoprene emission measurements. Canopy level measurement. Canopy level isoprene emission measurements were made using an REA system. Details about the theory of the technique and the design and performance of the system can be found elsewhere [Nie et al., 1995] . Briefly, the system measures wind speed with a threedimensional sonic anemometer (Applied Technology, Inc., Boulder, Colorado) and collects two air samples: one for rising air (updrafts) and one for downdrafts. The flux of isoprene F i is obtained from Fi = [3O'w(Cu-Cd)
where Fi is isoprene emission in mg carbon m -2 h -•, /3 is a proportionality constant, O'w is the standard deviation of vertical wind speed, and C u and C d are mean concentrations of isoprene collected from the updraft and downdraft air samples, respectively. The mean concentrations of isoprene in the updrafts and downdrafts were determined by accumulating the samples in tubes packed with adsorbents (carbon molecular sieve and graphitized carbon black). The tubes were returned to the laboratory where they were analyzed by thermal desorption/gas chromatography with flame ionization detection (GC/FID). A complete description of isoprene recovery efficiency testing and analytical procedures is given by Arnts et al. [1995] . The GC/FID was calibrated to a National Institute of Standards and Technology (NIST) propane standard, while the adsorbent tubes were analyzed for isoprene breakthrough volume and recovery efficiency by using a laboratory standards dilution system [Arnts et al., 1995] . The GC/argon ionization detector used to analyze the leaf isoprene samples was calibrated using 256 parts per billion by volume (ppbv) isoprene standards formulated in the field using both nitrogen and ambient air .
Uncertainty associated with REA flux measurements is estimated to be of the order of 20 to 25%. Of this, 10 to 15% is associated with the micrometeorological methodology, while approximately 10% uncertainty is attributed to the isoprene analytical technique. At switching frequencies greater than 1 Hz it was found that a 120 torr pressure differential across the zero gas and sample gas sides of the sampling valves could cause fluxes to be underestimated by approximately 8% (R. R. Arnts et al., manuscript in preparation, 1997). However, analysis of recent fast response isoprene, temperature, CO2, and H20 vapor data collected at this site shows that at least 90% of the flux during a given 0.5 hour sample period is contained in large eddies with a turnover time of 10 s or greater (D. Nie et al., Development of a relaxed eddy accumulation system for the measurements of nonmethane volatile organic chemical fluxes, submitted to Journal of Geophysical Research, 1996). Therefore, the lack of response to switching between 1 to 10 Hz would be expected to have a minor impact on flux estimates. Furthermore, we note that the isoprene flux measurements were performed in the roughness sublayer (z/h = 1.2) of the canopy and not the atmospheric surface layer (ASL). As discussed by Raupach [1988] and Katul et al. [1996] , the main contributing eddies to the turbulent scalar transport in this layer are of the order of h (vis-a-vis z in the ASL, where z is the height from the zero-plane displacement and h is the canopy height). Hence, with a mean { U) = 1 m s -• (where {U) is the mean horizontal wind speed) and h = 32 m, the eddy timescale is of the order of 0.03 Hz, which is in agreement with our frequency range findings from this recent analysis. Hence the 1 Hz response frequency of the REA is sufficient to resolve all flux-contributing eddies. It is worth noting that this and other sources of potential error in the REA system itself (e.g., those due to inaccurately timed valve switching and longitudinal mixing in the sample line) and the analytical technique (e.g., isoprene breaking through the adsorbent cartridge, or less than 100% isoprene recovery efficiency during sample desorption) would tend to cause systematic underestimates of the actual isoprene flux.
The REA system was placed in the walkup tower about 10 m above the canopy. Micrometeorological sensors (net radiometer, photosynthetically active radiation (PAR) meter, wet and dry bulb thermometers, soil heat flux, and fast response (10 Hz) water vapor (H20) and carbon dioxide (CO2))were also The empirical algorithms of Guenther et al. [1993] were used to adjust emission rates to ambient PAR and temperature conditions. Simple algorithms are applied to reduce PAR and specific leaf weight at lower levels within forest canopies.
This model currently assumes that leaf temperatures are equivalent to ambient air temperatures above the forest canopy. Since leaf temperatures can differ substantially from surrounding air temperature [Knoerr, 1966] Vertical gradients of humidity, wind speed, solar radiation, and air temperature were estimated from measurements taken at 10 m above the forest canopy by assuming profiles similar to those of Lamb et al. [1993] . These meteorological data allow us to make isoprene emission (mg carbon m -2 h -1) estimates based on the measured tree species composition, BEIS2, and (4) as described above. REA-derived isoprene emissions are then compared with model estimates for the corresponding time periods.
Results and Discussion

Forest Characterization
The estimated percentage of foliar mass by genus derived from the Blackwood Forest mensurational (forest survey) data using (2) and (3) is shown as CRWNAREA in the histogram of 
Leaf Isoprene Emission
The light-and temperature-controlled cuvette system and portable GC were deployed at three levels to measure the isoprene emission and physiological function of white oak leaves. Foliage at the upper-and midcanopy levels was sampled from the tower, while scaffolding provided access to shade leaves lower in the canopy. Using the LAI 2000, LAI above each sample level was determined to be 0.3, 1.1, and 3.0 (standard deviation _+10%). The number of leaves sampled and replicate measurements of isoprene emission under controlled light and leaf temperature conditions varied between the June and August sampling periods and are shown in Table 2 . During the June measurement period, upper level isoprene emission rates measured at standard conditions (PAR equal to 1000 /xmol m -2 s -1 and leaf temperature of 30øC) were higher than the current standardized emission rates of 70/xg C (g foliar dry mass) -• h -• +_ 50% used in BEIS2. These measurements followed an abnormally dry spring in the area. Sharkey et al.
[1992] also observed high isoprene emissions by kudzu following exposure to drought and rewatering. However, leaf level isoprene emissions were lower at the middle and lower canopy levels. This difference could not be entirely explained by the specific leaf weight gradient as shown in Table 2 Note, however, that many oak species in the fetch could not be sampled. Quercus michauxii (swamp chestnut oak) has never been studied to our knowledge, while Q. phellos (willow oak) has been shown to emit at rates similar to those measured here [Meeks et al., 1992] . These two species compose a large portion of the stand (see Table 1 ). The substantial difference in isoprene emission rate between the red and white oaks suggests that interspecific variability within the Quercus genus may indeed be significant. Since leaf-level isoprene emission rates from only one white oak were examined, we also cannot rule out substantial intraspecific variability. However, intraspecific variation in white oak itself probably is not a significant factor at this particular site since other oak species were more abundant in the primary fetch. Also, the leaf-level rates reported here are similar to those reported by Guenther et al. [1996c] . Nonetheless, intraspecific variability may still be important at regional scales. Model WISCEB applies the vertical gradient in emission factors measured at the site (Table 2) Table 3 Figure 3 shows the effect of applying the leaf energy balance model to BEIS2. It improves model agreement with 9 of the 25 pre-October REA measurements, especially those of mid-September. The largest increase in canopy temperature over air temperature was also observed during this period (September 14 and 16) as shown in Figure 3 . The mid-September period was the only time when measured canopy surface temperature exceeded air temperature by more than 2øC. It is possible that the declining soil moisture, combined with high temperature and radiation levels, may have decreased the capacity of the forest canopy to dissipate heat through transpiration. During other periods, measured canopy temperature was usually within iøC of air temperature and occasionally was 1ø-2øC lower.
Canopy Level Isoprene Emission
Units are mg C g-• h -• (and also nmol m -2 s -• for the big leaf model). RSD is the root mean square of model deviations divided by the mean of the REA fluxes (in mg C g-• h-•). NMSE is the normalized
It is interesting that the single layer BGLEAF model per- Table 2 ).
Overall, model scores of (Table 3) . Each model component was within 20% of the values assumed in BEIS2, although June emission rates at the leaf level were much higher than expected. We suspect that these high values, and the high REA fluxes observed in mid-September, may be induced by dry periods preceding these measurements. These effects may be expressed as (1) a stimulation in basal emission rates, (2) reduced deposition velocity of isoprene due to stomatal closure resulting in a higher net isoprene flux, and/or (3) a reduction in the capacity of the canopy to cool by transpiration, leading to leaf temperatures which are substantially higher than surrounding air. Although stomatal conductance may be reduced during dry periods, isoprene emission has been found to be unrelated to stomatal aperture [Mortson et al., 1995] . 
Recommendations
Results presented in this paper indicate that current BVOC emission models agree reasonably well with the limited data collected at the Blackwood site during 1994. More detailed leaf microenvironment models may be needed to explain model deviations from observed isoprene emission rates, especially those observed during warm, dry periods. The simple leaf energy balance model examined in this study appears to yield reasonable estimates of canopy surface temperature. However, Fuentes et al. [1995] found that this model underestimated leaf temperature at lower levels within an aspen canopy by as much as 10øC. It may also be necessary to consider the developmental climate [Mortson et al., 1994] of forest canopies over a growing season in more detail to further improve the accuracy of isoprene emission models such as BEIS2. We plan to make REA VOC measurements over the course of at least two growing seasons to examine these effects. Determinations of transpiration at leaf, tree, and canopy scales will also be made to aid in understanding moisture effects on isoprene emissions. It is our hope that simultaneous comparisons of leaf and stand level emissions over multiple growing seasons will aid in developing relationships between seasonality, drought events, and isoprene emission. Foliage angle distributions and optical properties will also be studied to examine the validity of current canopy environment models. To test scaling assumptions, leaf-level emission rates from other species in the fetch, especially the oaks, will also be measured several times during the year. Leaf-level isoprene emission measurements reported at this site thus far are primarily from a white oak near the tower. The predominant oaks in the footprint, however, are Quercus michauxii (swamp chestnut oak) and Q. phellos (willow oak), with each accounting for approximately 15% of the leaf area (or foliage biomass) in the footprint. Similar efforts are needed at other sites in order to derive robust emission factors for high isoprene emitting genera and to characterize interspecific and intraspecific variability within genera, particularly the oaks (Quercus spp.). Such variability has been found to be significant for Picea (spruce) in the work of Kempf et al. [1996] and should be incorporated into models such as BEIS2 when appropriate.
Simple "footprint" analyses also seem to explain some variability in observed fluxes. More detailed models such as those used over more uniform fetches [Leclerc and Thurtell, 1990; Horst and Weil, 1992] may perhaps be adapted to forest stands to further examine footprint effects on measured and modeled fluxes. This will likely require a more complete classification of the canopy surrounding the tower, possibly from aerial photographs or other remotely sensed information such as Landsat imagery [Guenther et al., 1996c] .
